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Abstract 
Traumatic brain injury (TBI) impacts over one million people in the United States every 
year and significantly increases an individual’s risk of developing a psychiatric disorder.  
Previous research in our lab has highlighted the role of neuroinflammation in TBI and the 
development of post-injury anxiety in rodent models.  The objective of this study is to 
characterize the brain regions involved in the anxiety-like behaviors observed in previous studies 
and in an immediate shock paradigm. The rats were randomly assigned to one of six groups: 
LFPI+shock, LFPI+no shock, naïve+shock, naïve+no shock, sham-operated, and LFPI+MN166.  
Lateral fluid percussion injury (LFPI) was used to model TBI in the rodents and shock refers to 
animals that were shocked in the immediate shock paradigm.  The expression of c-fos was 
measured and compared between groups across multiple brain regions including the 
hippocampus, insula, amygdala, paraventricular nucleus, central gray, bed nucleus of the stria 
terminalis, and regions of the prefrontal cortex.  The LFPI+shock rats displayed significantly 
higher freezing behavior in the immediate shock paradigm than all other treatment groups.  The 
results of the c-fos expression measurements partially support previous findings on brain regions 
involved in anxiety, but are not consistent with the expected pattern of activation based on the 
behavioral results of the immediate shock paradigm.        
Keywords: c-fos expression; traumatic brain injury; anxiety-like behavior 
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Introduction  
Annually, over 1.7 million people in the United States suffer a traumatic brain injury (TBI) 
(Faul, Xu, Wald, & Coronado, 2010).  One of the most common long-term impacts of TBI is an 
increased risk for psychiatric disorders post-injury, particularly anxiety disorders (Vaishnavi, 
Rao, & Fann, 2009).  Anxiety disorders are classified by a heightened sensitivity to perceived 
threats which is observed through behavioral, physiological and cognitive responses including 
increased avoidance, muscle tension, and worrying about future threat (Craske, Rauch, & 
Ursano, 2009).  The prevalence rates for anxiety disorders post-traumatic brain injury are 
significantly higher than the rates within the general public (Deb, Lyons, Koutzoukis, Ali, & 
McCarthy, 1999).  Despite the large impact, research and understanding of this interaction at a 
neurobiological level is still limited due to previous and current methodological barriers.  By 
better understanding the neural mechanisms underlying the increased prevalence of anxiety 
disorders post-injury, more targeted interventions can be developed to address the additional 
psychiatric challenges faced when trying to reintegrate into society following a TBI.    
Previous research on the link between TBI and the development of anxiety disorders has 
identified several biochemical factors that contribute to this relationship including excessive 
inflammation resulting from the neuroimmune response to TBI (Rodgers et al., 2012), 
excitoxicity due to increased glutamatergic action (Reger et al., 2012), and oxidative stress 
(Prasad & Bondy, 2015).  Additionally, research on the underlying structural and functional 
abnormalities in anxiety disorders indicate hyperactivation in the amygdala and insular cortex 
(Etkin & Wager, 2007; Paulus & Stein, 2006; Rauch, Shin, & Phelps, 2006; Simmons, Strigo, 
Matthews, Paulus, & Stein, 2006), diminished hippocampal volume and activation (Bremner et 
al., 1995; Shin et al., 2004), decreased activation of the medial prefrontal cortex (mPFC), 
TRAUMATIC BRAIN INJURY AND POST-INJURY ANXIETY  6 
 
resulting in reduced inhibition of the amygdala (Britton, Phan, Taylor, Fig, & Liberzon, 2005; 
Shin & Liberzon, 2009), and decreased gray matter densities and volume in the anterior cingulate 
cortex (ACC) (Shin & Liberzon, 2009; Woodward et al., 2006; Yamasue et al., 2011).  However, 
in a meta-analysis of functional neuroimaging studies, hypoactivation of the mPFC and ACC 
was only seen in patients with post-traumatic stress disorder (PTSD) and not in other anxiety-
related disorders (Etkin & Wager, 2007).  Since PTSD could be a consequence of an event that 
resulted in the TBI, rat models allow the controlled study of TBI as a physical trauma without the 
potentially confounding factor of the conscious memory of an emotional trauma. This is 
conducive to being able to determine if the injury itself results in a brain state that is more likely 
to acquire fear and what neural factors contribute to this state.  Through the analysis of c-fos 
expression, a proto-oncogene that serves as an indirect marker for neuronal activity (Dragunow 
& Faull, 1989), this study looks further into the hypothesis of the brain being primed post-injury 
for increased fear-learning and fear response through examining TBI-induced changes in 
neuronal activation, with and without exposure to the immediate shock paradigm, in brain 
regions associated with anxiety disorders.  In a previous experiment in the lab, ibudilast 
(MN166) administration, a phosphodiesterase inhibitor, had neuroprotective effects on levels of 
inflammation from neuroimmune responses post-TBI (Rodgers et al., 2012; 2014).  Following-
up on these results, this study also assesses whether MN166 has an effect on c-fos expression 
post-injury.   
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Background 
Traumatic Brain Injury and Anxiety Disorders: Current Understanding of Neurobiological 
Basis 
 Previous studies that have examined the link between TBI and an increased prevalence of 
anxiety-related disorders have proposed several different biological mechanisms that may 
underlie this relationship.  The three most supported explanations are chronic inflammation, 
excitotoxicity, and oxidative stress.    
 Chronic inflammation. 
  There is prominent evidence for an increase in neuroinflammation due to an immune 
response following the TBI and its potential effects on the development of anxiety.  
Inflammation occurs following the injury when microglia and astrocytes are activated to protect 
the brain from damage (Farina, Aloisi, & Meinl, 2007).  However, this response can become 
toxic if the levels of the pro-inflammatory cytokines remain elevated, causing damage to the 
tissue and neuronal degeneration (Lehnardt, 2009).  Rodgers et al. (2012) found significantly 
higher levels of astrocyte activation in the insula, hippocampus, and the amygdala as well as 
increased microglia activation in the insula for brain-injured rats compared to all other groups.  
The injured group also had significantly higher freezing behavior, supporting a relationship 
between excessive inflammation and anxiety-like behavior.  Additionally, administration of an 
anti-inflammatory drug (MN166) mitigated the level of inflammation and decreased anxiety-like 
behavior in the brain-injured rats (Rodgers et al., 2012).  In a later study, treatment with MN166 
was shown to reverse anxiety behavior through glial attenuation six months post-injury (Rodgers 
et al., 2014).    
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Chronic levels of inflammation have been shown repeatedly to exist in people with PTSD 
through findings of elevated levels of pro-inflammatory cytokines systemically, particularly  IL-
1beta and TNF-alpha (Hoge, Brandstetter, & Moshier, 2009; Känel et al., 2007; Spivak, Shohat, 
Mester, Avraham, & Gil-Ad, 1997).  TBI can result in a similar pro-inflammatory state due to 
activating an immune response.  In a study of patients undergoing surgery following brain 
trauma, immunohistochemistry was used to assess inflammatory responses at times varying from 
three hours to five days post-injury.  The findings provide evidence for a delayed inflammatory 
response with greater levels of reactive microglia at five days out from the trauma (Holmin & 
Höjeberg, 2004).  Similarly, time-dependent inflammatory responses were seen in individuals 
assessed over a 30-week period following a closed head injury.  Granulocytes were detected 
early on in the response whereas leukocytes were not noticeable until a minimum of one day 
post-injury (Hausmann, Kaiser, Lang, & Bohnert, 1999).  The consequence of a long-term pro-
inflammatory state is the potential for neuronal degeneration that can cause dysfunction and 
contribute to the development of psychiatric disorders.              
 Excitotoxicity.  
 In addition to inflammation, hyperexcitation of the glutamatergic system has been 
implicated in the pathophysiology of both PTSD and TBI.  Excitotoxic conditions can result 
from hyperactivation due to high levels of extracellular glutamate causing increased levels of 
intracellular Ca
2+
 ions.  The hyperactivation causes a large influx of Na
+
 ions which results in 
dysregulation of ionic gradients and can lead to edema and cell death (Yi & Hazell, 2006).  
During excitation there is a decrease in activity of the inhibitory amino acid gamma 
aminobutyric acid (GABA) and an increase in N-methyl-D-aspartate (NMDA) receptor levels 
which bind glutamate, a neurotransmitter that has predominantly excitatory action.  These 
changes can be induced by stress and have been shown to be mediated by a hormonal cascade in 
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PTSD (Nair & Ajit, 2008).  Glutamate triggers the release of corticotropin-releasing factor 
(CRF) in the median eminence of the hypothalamus which activates the hypothalamic-pituitary-
adrenal (HPA) axis, leading to an increase in adrenocorticotrophin hormone (ACTH) and cortisol 
(or corticosterone in rats).  Because the neurons containing CRF are projecting from the 
paraventricular nucleus (PVN), activation of the PVN will activate the HPA axis.  The 
dysregulation of the HPA axis has been linked to symptoms of hyperarousal, re-experiencing 
trauma, decreased fear extinction, and avoidance.  When glutamate action is blocked, symptoms 
significantly decrease, providing further evidence for hyperactivation of the glutamatergic 
system in PTSD (Nair & Ajit, 2008). Additionally, lower levels of GABA have been shown in 
the insular, parieto-occipital, and temporal cortices in people with PTSD compared to people 
without PTSD (Meyerhoff, Mon, Metzler, & Neylan, 2014; Rosso, Weiner, & Crowley, 2014).  
Decreased GABA and increased glutamatergic action has also been linked to anxiety symptoms 
in social anxiety disorder and panic disorder (Goddard, Mason, & Almai, 2001; Pollack, Jensen, 
Simon, & Kaufman, 2008).     
 Increased levels of NMDA receptors and decreased GABA activity have also been 
observed in rodent models of TBI (Reger et al., 2012).  Up-regulation of NMDA receptors in the 
amygdala and a decrease in inhibitory GABA activity have been associated with an increased 
risk of developing anxiety due to an enhanced fear response (Reger et al., 2012).  From the 
excitotoxicity perspective, activation of NMDA receptors by excitatory neurotransmitters, 
including glutamate, regulates the cellular damage following a TBI and influences the severity of 
the symptoms experienced.  In a mouse model of TBI, administration of NMDA prior to injury 
lessened both behavioral and motor symptoms (Costa, Constantino, & Mendonça, 2010).  
Heightened levels of excitatory amino acids, glutamate and aspartate, have also been observed in 
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patients who have suffered TBI and the levels are positively correlated with the severity of 
symptoms reported (Gopinath, Valadka, Goodman, & Robertson, 2000).   
 Oxidative Stress. 
 Oxidative stress refers to ―a disturbance in the balance between the production of reactive 
oxygen species (free radicals) and antioxidant defenses‖ (Betteridge, 2000).  As discussed above, 
stress activates glutamatergic action.  Hyperactivation of the glutamatergic system can result in 
oxidative stress by stimulating nitric oxide synthase (NOS) and resulting in increased levels of 
nitric oxide (NO) which can be toxic to nerve cells at high concentrations (Harvey, Oosthuizen, 
Brand, & Wegener, 2004).  In a rat model of PTSD, excessive levels of markers for oxidative 
stress and neuroinflammation (reactive oxidative species and pro-inflammatory cytokines, 
respectively) were found in areas associated with the progression of PTSD including the 
amygdala, hippocampus, and the prefrontal cortex (Wilson, McLaughlin, Nair, & Ebenezer, 
2013).  Stress-induced oxidation was also observed in a blast-induced rat model of TBI.  
Following the blast-injury, oxidative damage was identified in the blood-brain barrier.  There 
were also increased levels of oxidative stress markers in hippocampal tissue and evidence of 
excess inflammation in the prefrontal cortex (Kochanek et al., 2013).  Administration of 
methylene blue, a drug that has antioxidant properties, resulted in attenuation of neuronal 
degeneration and lessened behavioral symptoms in a rat model of TBI (Watts, Long, & 
Chemello, 2014).  Methylene blue has also been shown to have positive effects in reducing 
neuroinflammation and decreasing depressive-like behavior in mice (Fenn et al., 2015).                    
The different findings support a multidimensional understanding of how TBI can prime the 
brain for an exaggerated stress response and increased fear learning.  Across multiple studies 
there is significant overlap in brain regions that have been identified as essential components in 
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the neural networks involved in heightened anxiety as well as those impacted most frequently by 
TBI.   
Functional Neuroanatomy of TBI and Anxiety: Relevance of Brain Regions Measured   
In addition to biochemical changes seen in TBI and PTSD, functional and structural 
differences in neuroanatomy can be used to identify areas of potential dysfunction.  Since neural 
networks influence behavior, rather than a specific region in isolation, it is important to look at 
multiple measures of different areas to accurately assess differences between treatment groups 
and examine the diffuse effect of TBI that can have implications on behavior.  Regions 
associated with TBI and the development of PTSD include the hippocampus, the insula, the 
amygdala, the PVN, and the PFC.  Models of PTSD emphasize an exaggerated amygdala 
response due to decreased inhibition from regions in the prefrontal cortex that contribute to a 
heightened fear response to perceived threat (Liberzon & Britton, 2003; Rauch et al., 2006).  In a 
meta-analysis of functional neuroimaging studies of PTSD, social anxiety disorder, and specific 
phobia, increased activity was observed in the insula and amygdala across the three disorders, 
but only the PTSD group showed significantly decreased activity in the ACC and ventromedial 
prefrontal cortex (Etkin & Wager, 2007).  Other imaging studies of PTSD have found consistent 
trends in the activation of the amygdala and the ACC, but have also observed hypoactivation in 
the hippocampus and orbital frontal cortex (Bremner, Staib, Kaloupek, & Southwick, 1999; 
Liberzon & Britton, 2003; Shin et al., 2004).  Hippocampal atrophy has been observed in PTSD 
(Harvey et al., 2004) and in TBI (Lyeth, Jenkins, Hamm, Dixon, & Phillips, 1990), often 
corresponding with memory impairment.   
 TBI can cause structural damage due to the shearing forces experienced upon impact.  
Certain regions of the brain are more vulnerable to the shearing, as well as tensile effects, and are 
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more likely to be impacted as a result of a closed head injury (Bigler, 2008).  The most 
frequently impacted region is the hippocampus and its connections to other regions of the brain 
due to axonal damage from the trauma (Povlishock, 1993).  Regions in the frontal and temporal 
lobes are particularly vulnerable to injury due to the intersection of brain matter and skull with 
the presence of the anterior and middle cranial fossa (Bigler, 2007).  During impact, the bony 
part of the skull can protrude into the brain matter being moved across it through rotation and 
deceleration, resulting in structural and functional damage.   
Lateral Fluid Percussion Injury as a Model of TBI 
 Lateral fluid percussion injury (LFPI) is a well-accepted model of TBI in rodents and has 
been shown to produce reliable results.  It has been recognized as clinically-relevant to 
understanding TBI in humans through translational behavioral changes as well as tissue damage 
(Thompson et al., 2005).  The LFPI is done through rapid injection of fluid while the rodent is 
under anesthesia, resulting in an impact injury that mirrors a closed-head injury in humans  
(Dixon et al., 1987).     
c-fos as a Marker of Neuronal Activation 
 c-fos is a well-studied immediate-early gene (IEG) that is used as a marker of neuronal 
activation in the brain (Herrera & Robertson, 1996).  In previous studies of c-fos expression and 
TBI, increased levels were observed in the ACC and piriform cortex (Dragunow & Robertson, 
1988) as well as the hippocampus and dentate gyrus (Dragunow, Faull, & Jansen, 1990; Yang, 
Mu, Xue, Whitson, & Salminen, 1994).         
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Methods 
Animals 
 Thirty – six adult male Sprague-Dawley rats were housed in pairs with access to food and 
water ad libitum.  A 12-hour light/dark cycle was maintained in the room and the temperature 
was controlled to a range of 20-26°C.  All protocol was carried out in accordance with the 
University of Colorado Institutional Animal Care and Use Committee guidelines.  Rats were 
randomly assigned to one of six treatment groups (n = 6/group).  The six treatment groups are 
LFPI + MN166, naïve + no shock, naïve + shock, sham-operated, LFPI + no shock, and LFPI + 
shock.   
 Lateral fluid percussion injury (LFPI) was used to model the traumatic brain injury in the 
rats assigned to LFPI groups.  In order to cause the closed injury, the LFPI apparatus delivers a 
quick impact force measuring approximately 2.0 atmospheres and lasting 10 milliseconds.  
Ibudilast (MN166), a phospodiesterase inhibitor, was administered to one treatment group before 
and after the LFPI.  Naïve rats did not undergo surgery or receive the injection for the LFPI.  
Sham-operated rats underwent the surgery procedure, but did not receive the injection for the 
LFPI.   
In order to provoke an excessive fear response that is a key aspect of PTSD, the 
immediate shock paradigm was used.   As compared to contextual fear conditioning, the 
immediate shock paradigm does not allow a time delay between exposure to the environment and 
administration of the shock which prevents the development of a contextual memory (Fanselow, 
1986; Landeira-Fernandez, DeCola, & Kim, 2006).  Freezing is used as a measure of anxiety-like 
behavior because it is a behavior that is seen in response to perceived danger.  Without a 
development of contextual cues to associate with the shock, no fear conditioning takes place and 
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freezing behavior in the context does not increase when the rats are later tested (Rudy & 
O'Reilly, 2001).   However, despite this phenomenon of the immediate shock deficit, previous 
research in our lab found an increase in freezing behavior among brain-injured rats – suggesting 
that this unconditioned freezing could be due to pathological anxiety (Rodgers et al., 2012; 
2014).   
For the immediate shock paradigm, the rats in the shock condition were shocked in a 
randomized order at one-month post-injury date and tested twenty-four hours later.  The rats 
were tested again at three months in the shock context, but did not receive a shock, and were 
immediately returned to their home changes for thirty minutes after to allow for maximum 
induction of c-fos.  The tissue was then collected for in situ hybridization.  Brain sections were 
sliced using a cryostat and assayed for c-fos mRNA expression.  The slides were exposed to x-
ray film for one to three weeks and were photographed individually to be analyzed.    
Image Analysis  
 Using ImageJ software, the images were converted to gray scale and background areas 
were taken close to the region of interest.  For each region, several measurements were taken for 
each rat and both mean gray and integrated density values were computed.  These values were 
later combined for both measurement types to produce an average integrated density value and 
an average mean gray value for each region for each rat.  The integrated density (area x mean 
gray value) for the different regions is reported for the results because it takes into account slight 
variation in brain size across the rats.  All images were cross-checked with Paxinos and Watson’s 
―The Rat Brain‖ atlas to confirm the presumed location in the brain vertically and horizontally 
before measurements were taken.  Additionally, all measurements were taken blind to treatment 
groups.        
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 The sub-regions measured can be categorized into four groups of images.  The first image 
set includes the regions quantified within the dorsal hippocampus – CA1, CA2, CA3, and the 
dentate gyrus – as well as the barrel cortex (Appendix A).  The second image set looks at regions 
of the insula and amygdala including the anterior insular point (AIP), dysgranular insular cortex 
(DI), granular insular cortex (GI), basolateral amygdala (BLA), and central nucleus of the 
amygdala (CE) (Appendix B).  The third image set measurements were the paraventricular 
nucleus (PVN), the bed nucleus of the stria terminalis (BNST), and the central gray (CG) 
(Appendix C).  And finally, the fourth image set was used to measure areas of the prefrontal 
cortex (PFC) – the infralimbic, prelimbic, and cingulate cortices (Appendix D).  All regions were 
measured on both the right and left sides.  
Statistical Analysis  
In order to compare the different brain regions between groups, one-way analysis of 
variance (ANOVA) was used to assess the integrated density values and the mean gray values 
(conducted at one time point) with treatment as the independent variable.  Due to overall 
significance in the ANOVA, post hoc testing was done using Fisher’s least-significant difference 
(LSD) pairwise comparison.  Homogeneity of variance was analyzed using Levene’s test.  
Outlier exclusion ( > 1.5 x IQR) was conducted, but had no significant effect on the results.  Data 
were analyzed using SPSS Statistical software and statistical significance was set at p < 0.05.  
All results are expressed as mean ± standard error of the mean.            
Results 
Immediate Shock Paradigm 
The LFPI+shock rats had significantly higher freezing behavior in the immediate shock 
paradigm than all other treatment groups (Figure 1).   
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  Figure 1: This graph shows the mean percent time spent freezing at one month and three
 months post-LFPI for all six groups.  
c-fos Expression 
 For all of the following results, ipsilateral is the left hemisphere and refers to the side that 
was directly injured by the LFPI.  Contralateral is the right hemisphere and is the side that was 
indirectly injured.   
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Image Set 1 
 
 Figure 2: This graph shows the integrated density values for c-fos expression in the left
 and right CA1 and CA3 of the hippocampus for all six groups.    
CA1.  
There was a significant difference in both ipsilateral [F(5,252)=6.287, p=0.000] and 
contralateral [F(5,253)=7.859, p=0.000] CA1 between brain injured rats and controls.  The c-fos 
expression was significantly higher in both the ipsilateral and contralateral CA1 of naïve+shock 
rats than the LFPI+shock rats (p<0.001) (Figure 2).   
CA3.  
There was a significant difference in both ipsilateral [F(5,252)=8.999, p=0.000] and 
contralateral [F(5,251)=6.528, p=0.000] CA3 between brain injured rats and controls. 
LFPI+shock rats had significantly higher c-fos expression than LFPI+MN166 in the ipsilateral 
CA3 (p<0.01).  However, naïve+shock rats had significantly higher c-fos expression than the 
LFPI+shock rats in both the ipsilateral and contralateral CA3 (p<0.001) (Figure 2).   
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 Figure 3: This graph shows the integrated density values for c-fos expression in the left
 and right CA2 of the hippocampus and the dentate gyrus for all six groups.    
CA2.  
There was only significant difference in the contralateral [F(5,250)=5.025, p=0.000] CA2 
between brain injured rats and controls and no significant difference in the ipsilateral 
[F(5,250)=1.219, p=0.301] CA2. LFPI+shock rats had significantly higher c-fos expression in 
the contralateral CA2 when compared to sham-operated (p<0.05), naïve+no shock (p<0.01), and 
LFPI+no shock (p<0.05) (Figure 3).       
Dentate gyrus.  
There was a significant difference in both the ipsilateral [F(5,250)=6.932, p=0.000] and 
contralateral [F(5,255)=7.544, p=0.000] dentate gyrus (DG) between brain injured rats and 
controls.  Naïve+shock rats had significantly higher c-fos expression than LFPI+shock rats in the 
ipsilateral DG (p<0.001) as did LFPI+no shock rats (p<0.01). Only naïve+shock rats had 
significantly higher c-fos expression than LFPI+shock rats in the contralateral DG (p<0.001) 
(Figure 3).          
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Figure 4: This graph shows the integrated density values for c-fos expression in the left
 and right barrel cortex for all six groups.    
Barrel cortex. 
 There was a significant difference in both the ipsilateral [F(5,252)=9.877, p=0.000] and 
contralateral [F(5,252)=11.326, p=0.000] barrel cortex between brain injured rats and controls.  
The LFPI+shock rats had significantly higher c-fos expression when compared to the 
LFPI+MN166 rats (p<0.001) and the LFPI+no shock rats (p<0.05) in the ipsilateral barrel cortex.  
The LFPI+shock rats also had significantly higher c-fos expression when compared to the 
LFPI+MN166 rats (p<0.05), sham-operated (p<0.05) and the LFPI+no shock rats (p<0.01) in the 
contralateral barrel cortex.  The naïve+no shock rats had significantly higher c-fos expression 
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than all other groups in the contralateral (p<0.001) barrel cortex and all groups except 
naïve+shock rats (p=0.404) in the ipsilateral (p<0.05) barrel cortex (Figure 4).   
Image Set 2 
 
Figure 5: This graph shows the integrated density values for c-fos expression in the left
 and right basolateral and central nucleus of the amygdala for all six groups.    
Basolateral amygdala. 
There was a significant difference in both ipsilateral [F(5,262)=18.174, p=0.000] and 
contralateral [F(5,270)=17.897, p=0.000] basolateral amygdala (BLA) between brain injured rats 
and controls. LFPI+shock rats had significantly higher c-fos expression in the BLA compared to 
sham-operated, LFPI+MN166, and both no shock control groups (p<0.001) (Figure 5).  
Surprisingly, the naïve+shock rats had significantly higher c-fos expression than LFPI+shock 
rats in ipsilateral BLA (p=0.014), and did not statistically differ in the contralateral BLA 
(p=0.200) expression, in spite of demonstrating significantly less freezing behavior in the 
immediate shock paradigm (Figure 1).  
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Central nucleus of the amygdala. 
There was a significant difference in both ipsilateral [F(5,261)=23.843, p=0.000] and 
contralateral [F(5,260)=26.021, p=0.000] central amygdala (CE) between brain injured rats and 
controls.  The c-fos expression in the ipsilateral CE was significantly higher in the LFPI+shock 
rats as compared to all other treatment groups (p<0.001), except the naïve+shock rats (p=0.160).  
Expression of c-fos in the contralateral CE for the LFPI+shock rats was significantly higher than 
all other treatment groups (p<0.001) (Figure 5).   
 
Figure 6: This graph shows the integrated density values for c-fos expression in the left
 and right anterior insular point for all six groups.    
Anterior insular point.   
There was a significant difference in both ipsilateral [F(5,260)=17.011, p=0.000] and 
contralateral [F(5,262)=17.292, p=0.000] anterior insular point (AIP) between brain injured rats 
and controls.  LFPI+shock rats had significantly higher c-fos expression in the ipsilateral AIP 
when compared to LFPI+MN166 (p<0.001), sham-operated (p<0.05), and LFPI+no shock 
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(p<0.01) rats. However, naïve+shock rats had significantly higher c-fos expression in the 
ipsilateral AIP than LFPI+shock rats (p<0.05).  LFPI+shock rats also had significantly higher c-
fos expression in the contralateral AIP then LFPI+MN166, sham-operated, and LFPI+no shock 
(p<0.001).  There was no significant difference in contralateral AIP c-fos expression between 
LFPI+shock rats and either naïve+shock (p=0.277) or naïve+no shock (p=0.100) rats (Figure 6). 
 
Figure 7: This graph shows the integrated density values for c-fos expression in the left
 and right dysgranular insular cortex for all six groups.    
Dysgranular insular cortex. 
  There was a significant difference in both ipsilateral [F(5,264)=20.176, p=0.000] and 
contralateral [F(5,271)=15.776, p=0.000] dysgranular insular cortex (DI) between brain injured 
rats and controls.  There was significantly higher c-fos expression in the ipsilateral DI of 
naïve+shock rats when compared to all other treatment groups (p<0.001).  The naïve+no shock 
rats also had significantly higher ipsilateral DI c-fos expression than the LFPI+shock rats 
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(p<0.05).  The LFPI+shock rats only had significantly higher c-fos expression in the ipsilateral 
DI than LFPI+no shock (p<0.01).  In contrast, the LFPI+shock rats had significantly higher c-fos 
in the contralateral DI when compared to LFPI+MN166, sham-operated, and LFPI+no shock rats 
(p<0.001).  There was no significant difference in the contralateral DI c-fos expression levels 
between LFPI+shock rats and either naïve+shock (p=0.415) or naïve+no shock (p=0.469) rats 
(Figure 7).   
 
Figure 8: This graph shows the integrated density values for c-fos expression in the left
 and right granular insular cortex for all six groups.    
Granular insular cortex. 
There was a significant difference in both ipsilateral [F(5,266)=15.345, p=0.000] and 
contralateral [F(5,269)=20.910, p=0.000] granular insular cortex (GI) between brain injured rats 
and controls.  LFPI+shock rats had significantly higher c-fos expression in the ipsilateral GI than 
LFPI+MN166 (p<0.01), sham-operated (p<0.01), and LFPI+no shock (p<0.001) rats.  However, 
naïve+shock rats had significantly higher c-fos expression than LFPI+shock (p<0.001) rats in the 
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ipsilateral GI.  In the contralateral GI, LFPI+shock rats had significantly higher c-fos expression 
when compared to all other treatment groups (p<0.001), except naïve+shock rats (p=0.227) 
(Figure 8).  
Image Set 3 
 
Figure 9: This graph shows the integrated density values for c-fos expression in the left
 and right paraventricular nucleus of the hypothalamus for all six groups.    
Paraventricular nucleus. 
 There was a significant difference in both ipsilateral [F(5,133)=5.805, p=0.000] and 
contralateral [F(5,133)=6.085, p=0.000] paraventricular nucleus (PVN) between brain injured 
rats and controls.  The c-fos expression in the ipsilateral PVN was significantly higher for the 
LFPI+shock rats than sham-operated (p<0.001), LFPI+MN166 (p<0.01), and both no shock 
groups (p<0.05).  In the contralateral PVN, LFPI+shock rats had significantly higher c-fos 
expression as compared to LFPI+MN166 (p<0.001), naïve+no shock (p<0.05), sham-operated 
(p<0.001) and LFPI+no shock (p<0.001). There was no significant difference in c-fos expression 
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between the LFPI+shock rats and the naïve+shock rats in the either the ipsilateral (p=0.592) or 
contralateral (p=0.209) PVN (Figure 9).        
 
Figure 10: This graph shows the integrated density values for c-fos expression in the left
 and right bed nucleus of the stria terminalis for all six groups.    
Bed nucleus of the stria terminalis. 
There was a significant difference in the ipsilateral [F(5,128)=3.374, p=0.007] bed 
nucleus of the stria terminalis (BNST) between brain injured rats and controls, but no significant 
difference in the contralateral [F(5,127)=1.269, p=0.281] BNST.  LFPI+shock rats had 
significantly higher c-fos expression in the ipsilateral BNST compared to LFPI+MN166 
(p<0.05) and LFPI+no shock (p<0.01).  However, there was no significant difference between 
the LFPI+shock rats and the naïve+no shock (p=0.131), naïve+ shock (p=0.052), or the sham-
operated (p=0.944) in the ipsilateral BNST (Figure 10).      
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 Figure 11: This graph shows the integrated density values for c-fos expression in the left
 and right central gray (also known as the periaqueductal gray (PAG)) for all six groups.    
Central gray. 
There was a significant difference in both ipsilateral [F(5,132)=3.743, p=0.003] and 
contralateral [F(5,130)=6.637, p=0.000] central gray (CG) between brain injured rats and 
controls. LFPI+shock rats had significantly higher c-fos expression in the contralateral CG 
compared to LFPI+MN166 (p<0.001), naïve+no shock (p<0.01), sham-operated (p<0.05), and 
LFPI+no shock (p<0.05).  However, there was no significant difference in the contralateral CG 
of the LFPI+shock rats and the naïve+shock rats (p=0.759).  The c-fos expression in the 
ipsilateral CG of LFPI+shock rats was only significantly different from that of LFPI+MN166 
rats (p<0.01) (Figure 11).     
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Image Set 4  
Prelimbic cortex. 
 There was no significant difference in either the ipsilateral [F(5,203)=1.928, p=0.091] or 
contralateral [F(5,202)=1.325, p=0.255] prelimbic cortex between brain injured rats and controls.   
 
Figure 12: This graph shows the integrated density values for c-fos expression in the left 
and right infralimbic cortex for all six groups.    
Infralimbic cortex. 
 There was a significant difference in the ipsilateral [F(5,196)=2.722, p=0.021] and 
contralateral [F(5,197)=4.698, p=0.000] infralimbic cortex between brain injured rats and 
controls.  LFPI+shock rats had significantly higher c-fos expression in the both the ipsilateral 
and contralateral infralimbic cortex than the LFPI+no shock rats (p<0.05) (Figure 12).   
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Cingulate cortex. 
 There was no significant difference in either the ipsilateral [F(5,201)=1.326, p=0.255] or 
contralateral [F(5,202)=1.493, p=0.194] cingulate cortex between brain injured rats and controls.   
Discussion 
Several of our findings support previous functional neuroanatomical research on anxiety-
related disorders.  Based on the unconditioned freezing behavior, a potential indication of 
pathological anxiety, we would expect to see higher c-fos expression in the LFPI+shock group in 
regions associated with increased activation in anxiety disorders including the amygdala and 
insula (Carlson, Greenberg, & Rubin, 2011; Shin & Liberzon, 2009; Stein, Simmons, & 
Feinstein, 2007).  The most consistent finding was significantly higher c-fos expression in the 
central amygdala (CE) in the LFPI+shock group as compared to all other groups, except with the 
ipsilateral CE in the naïve+shock animals where there was no significant difference.  The CE is 
critical for fear learning and is considered an important region in the exaggerated fear response 
seen in chronic anxiety (Kalin, 2004; Rosen & Schulkin, 1998).  In contrast, the basolateral 
amygdala (BLA), a region associated with developing and storing fear-based memories, had 
significantly higher c-fos expression for the naïve+shock rats than the LFPI+shock rats (Gale, 
2004).  In the insula, the LFPI+shock rats had higher expression of c-fos across the different 
regions as compared to LFPI+no shock, sham-operated, and LFPI+MN166.  As an essential area 
for interoception and the ability to sense physiological information in the body, the insula has 
been identified as a critical part of the affective processes involved in anxiety, including 
worrying and avoidance behaviors (Etkin & Wager, 2007; Paulus & Stein, 2006; Simmons, 
Strigo, Matthews, Paulus, & Stein, 2006; Stein et al., 2007). We also found evidence for 
increased activation in the PVN for the LFPI+shock rats as compared to all other groups, except 
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naïve+shock rats.  Since increased activation in the PVN is associated with heightened HPA 
activity, hyperactivation contributes to exaggerated stress responses in anxiety disorders (Claes, 
2004; Liberzon, Krstov, & Young, 1997; Nair & Ajit, 2008).  The significant differences in c-fos 
expression for the LFPI+shock rats in the BNST and CG were not consistent enough to provide 
any supportive or contradictive evidence for previous research.     
Additionally, there was some evidence for less recent neuronal activation in the LFPI+shock 
group in areas associated with inhibition of anxiety compared to other groups.  In the dorsal 
hippocampus, which mediates the fear circuit by contextualizing affective information from the 
amygdala (Sanders, Wiltgen, & Fanselow, 2003), there was significantly higher c-fos expression 
for the naïve+shock rats than the LFPI+shock rats in the CA1, CA3, and dentate gyrus (DG). 
These results could suggest greater involvement of the hippocampus in mediating the fear 
response in the naïve+shock group.  The CA2 results were not consistent enough to support or 
contradict any trends.  Interestingly, the LFPI+shock rats showed higher c-fos expression in the 
infralimbic cortex than LFPI+no shock rats.  However, the c-fos expression is lower in both 
LFPI groups than the rest of the treatment groups in the infralimbic cortex, but not significantly. 
As a region involved in inhibition of behavioral and emotional responses to potentially aversive 
outcomes, impairments in the infralimbic cortex following injury could contribute to the 
increased freezing behavior (Vidal-Gonzalez, Vidal-Gonzalez, Rauch, & Quirk, 2006).   
Since decreased inhibition of the prefrontal cortex and the anterior cingulate cortex has also 
been seen in imaging studies of people with PTSD (Davidson, 2002; Shin, Rauch, & Pitman, 
2006), the LFPI+shock group would be expected to have lower levels of c-fos expression in 
these areas compared to controls.  However, there were no significant differences between 
groups in either the prelimbic or cingulate cortices. In contrast, in the barrel cortex the naïve+no 
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shock rats had significantly greater c-fos expression than LFPI+shock rats, indicating increased 
whisker-activity and sensory processing (Petersen, 2007) which is likely inversely-correlated 
with the anxiety-like freezing behavior observed, but was not quantified.   
The LFPI+MN166 group had lower c-fos expression than LFPI+shock group across all 
regions and significantly lower expression than LFPI+no shock group in most regions.  Since c-
fos can be a marker of both neuronal and glial activation (Dragunow & Robertson, 1988), these 
results support two previous studies in our lab that showed MN166 to have attenuating effects on 
neuroinflammation and development of anxiety-like behavior through suppression of glial cell 
activation (Rodgers et al., 2012; 2014).    
Despite behavioral results that support LFPI-induced anxiety behaviors in the immediate 
shock paradigm, there were inconsistencies in the c-fos expression than would be expected from 
previous research on brain regions involved in anxiety disorders.  The major inconsistency was 
that the naïve+shock rats had either significantly higher levels of c-fos expression or no 
significant difference in expression when compared to LFPI+shock rats in several regions 
associated with hyperactivation in anxiety disorders, even though the naïve+shock rats had 
significantly less anxiety-like freezing behavior in the immediate shock paradigm.  These regions 
included the BLA, the ipsilateral AIP, and the ipsilateral GI.  The increased expression could be 
due to edge effect when the c-fos was developed since both naïve groups were developed on the 
outer edge of the x-ray film which might have caused falsely elevated levels of expression.  
Another possible explanation is that there was too long of a delay between being placed in 
the context and receiving the shock during the immediate shock paradigm and a contextualized 
fear response was developed.  The box in which the rats were shocked could also have been an 
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aversive stimuli rather than a neutral stimuli, provoking a fear response. However, the behavioral 
results do not support these explanations and if this were the case, the fear response should have 
been seen in all groups that went through the immediate shock paradigm, not just the 
LFPI+shock and naïve+shock groups.  Additionally, the rats were randomly placed in the shock 
paradigm, but the naïve+shock rats might have more frequently followed an LFPI+shock rat and 
could have responded to leftover odors from the previous rat which could be controlled for with 
a larger sample size.  Therefore, to control for variability in c-fos expression for different brain 
regions, future studies should include more rats per treatment group.  With women developing 
PTSD at twice the rate of men (―Women, Trauma and PTSD,‖ 2014), it would also be valuable 
to repeat this study using both male and female rats to investigate whether there are sex 
differences in the brain regions involved in TBI-induced anxiety.           
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Appendix A 
Image Set 1 
 
Figure 1: This diagram shows the general region where the measurements for Image Set 1 were 
taken. These measurements include CA1, CA2, CA3, dentate gyrus (DG), and barrel cortex 
(S1BF).    
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Figure 2: This figure shows example images from Image Set 1. From top left: LFPI+MN166, 
Naïve + No Shock, Naïve + Shock. From bottom left: Sham-operated, LFPI + No Shock, LFPI + 
Shock.   
 
Appendix B 
Image Set 2 
 
Figure 3: This diagram shows the general region where the measurements for Image Set 2 were 
taken. These measurements include basolateral amygdala (BLA), central nucleus of the 
amygdala (Ce), the anterior insular point (AIP), dysgranular insular cortex (DI), and granular 
insular cortex (GI).   
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Figure 4: This figure shows example images from Image Set 2. From top left: LFPI+MN166, 
Naïve + No Shock, Naïve + Shock. From bottom left: Sham-operated, LFPI + No Shock, LFPI + 
Shock.   
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Appendix C 
Image Set 3 
 
Figure 5: This diagram shows the general region where the measurements for Image Set 3 were 
taken. These measurements include the paraventricular nucleus (PVN) (PaV, PaM, PaDC, PaLM 
– paraventricular hypothalamic nucleus ventral part, medial parvicellular part, dorsal cap, lateral 
magnocellular part), the bed nucleus of the stria terminalis (BST), and the central gray (CG).   
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Figure 6: This figure shows example images from Image Set 3. From top left: LFPI+MN166, 
Naïve + No Shock, Naïve + Shock. From bottom left: Sham-operated, LFPI + No Shock, LFPI + 
Shock.   
 
Appendix D 
Image Set 4 
 
Figure 7: This diagram shows the general region where the measurements for Image Set 4 were 
taken. These measurements include the infralimbic cortex (IL), the prelimbic cortex (PrL), and 
the cingulate cortex (Cg1).   
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Figure 8: This figure shows example images from Image Set 4. From top left: LFPI+MN166, 
Naïve + No Shock, Naïve + Shock. From bottom left: Sham-operated, LFPI + No Shock, LFPI + 
Shock.   
 
